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Abstract 

We analyze two versions of the extended technicolor (ETC) incorporating the 
top quark condensate via the flavor-universal coloron type topcolor SU{3)i x 
SU {3)2- A straightforward top-mode ETC having quarks and techniquarks as- 
signed to a single (strong) SU{3)i, and a "twisted model" with techniquarks 
carrying the weak SU {3)2 while quarks the strong SU {3)i. The straightforward 
model has the same ETC structure as that of Appelquist et al. without top- 
color which we first analyze to find that it yields only too small ETC-induced 
mass for the third generation. In contrast, our model having topcolor takes the 
form of a version of the topcolor-assisted technicolor (TC2) after ETC breakings, 
which triggers the top quark condensate giving rise to a realistic top mass. How- 
ever, techniquarks have the strong topcolor SU{3)i in addition to the already 
strong walking/conformal technicolor, which triggers the techniquark condensate 
at scale much higher than the weak scale, a disaster. We then consider a "twisted 
model" of TC2, though not an explicit ETC. We find a new feature that "ETC"- 
induced quark mass is enhanced to the realistic value by the large anomalous 
dimension 7^ ~ 2 of Nambu-Jona-Lasinio-type topcolor interactions. The result 
roughly reproduces the realistic quark masses. We further find a novel effect of 
the above large anomalous dimension 7^ — 2: The top-pion mass has a universal 
upper bound, m^j < 70 GeV, in the generic TC2 model. 
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1 Introduction 



The Standard model (SM) has a mysterious part, the electroweak symmetry breaking 
(EWSB), to give masses of quarks, leptons and W/Z-bosons. The EWSB via the 
elementary Higgs field in the SM has some problems. In order to solve these problems, 
we should build a scenario beyond the SM. One of candidates for such scenarios is 
Technicolor (TC) [Ij. TC is an attractive idea for the EWSB without the elementary 
Higgs, based on an analogy to the QCD with technifermion condensate, instead of 
the quark condensate in QCD, responsible for the mass of W/Z bosons. In order to 
give mass to the SM fermions, we have to extend the TC into a larger picture which 
communicates the technifermion to the SM fermion. A typical one is the extended 
TC (ETC) model [2] in which the TC group is embedded into a larger gauge group 
including the horizontal gauge group of three families of the SM fermionjH This old- 
type ETC model which is based on the scale-up of the QCD has some problems; Flavor 
Changing Neutral Current (FCNC) problem [2], light pseudo Nambu-Goldstone (NG) 
bosons and deviation from the LEP precision experiments, the so-called S parameter 
problem [4]. 

The FCNC problem and light pseudo NG bosons have already been solved by the 
walking (=scale invariant/conformal) TC [51 E] with the TC gauge coupling almost 
constant or running very slowly, which was shown to develop a large anomalous di- 
mension 7m ~ 1 |6]. (For reviews see Ref. [3 El [9].) It was suggested [101 [H] that a 
realistic walking/conformal gauge theory is given by the large Nf QCD, a jargon for a 
version of the "QCD" with A^^ colors and many massless flavors iVj(^ N^), in which 
the two-loop beta function possesses the Banks-Zaks infrared flxed point (BZ-IRFP) 
a* for large Nf [12]. E such that A^; < Nj < 11NJ2, with A^; ^ 8.01 for A'^ = 3. 
Looking at the region < a < a^,, we note that a* \ when Nf /" llA'c/2, and hence 
there exists a certain region {Nf <) Nj^ < Nf < llNc/2 ("conformal window") such 
that a* < a™*, where a^"* is the critical coupling for the chiral symmetry breaking 
and hence the chiral symmetry gets restored (tpip) = in this region. Here a™* may 
be evaluated as a'^^^^ = tt/3C2{F) in the ladder approximation, in which case we have 
Nf ^ AN^ [TO] |. When applied to TC, we set a* slightly larger than a'^"* (slightly 
outside of the conformal window), with the running coupling becoming slightly larger 
than the critical coupling in the infrared region, we have a condensate or the dynamical 
mass of the technifermion mxc which is much smaller than the intrinsic scale of the 
theory Atc(^ "^tc)- In a wide region rriTc < /i < Atc the coupling is walking due 

^ Another possibility is a composite model where both the SM fermions and the technifermions are 
composite on equal footing, in which case the residual four-fermion interactions among composites 
play the role of the ETC-induced effective four-fermion interactions between technifermions and SM 
fermions. [3J 

^ There is another possibility to have the Banks-Zaks IR fixed point without large Nf by introducing 
higher dimensional representation (13j . 

^ In the case of A'c = 3, this value N" ~ 4Nc = 12 is somewhat different from the lattice value [l4] . 
6<Nf < 7. 
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to the BZ-IRFP and the theory develops a large anomalous dimension 7^ — 1 and 
enhanced condensate (■?/''?/') |atc ~ Atc^^tc scale of Atc which is identified with 

the ETC scale Atc = Aetc- 

As to the S parameter, it is rather difficult at this moment to draw a definite 
conclusion in the walking/conformal TC, since there is no reliable non-perturbative 
calculation of the 5* parameter in the walking/ conformal TC which is strongly coupled 
and has no simple scale- up of the known dynamics like QCD. Actually, it was argued 
jl5j that the 5* parameter is suppressed in walking/conformal theories with 7^ ~ 1. 
Straightforward computation of the S parameter was also performed, based on the 
ladder Schwinger- Dyson (SD) equation and Bethe-Salpeter equation, which indicates 
decreasing tendency in the walking/conformal regime [16]. Recently, a reduction of 
the S parameter was further claimed [T7j in a version of the holographic QCD with 
deformation of the replacement of the anomalous dimension 7^ ~ by 7^ — 1 based 
on AdS/CFT correspondence. 

Therefore, it would be worth engineering an ETC model building based on the large 
Nf QCD near the conformal window as a walking/conformal TC. There have been such 
an attempt fl8{ [T9] based on a generalized version of Most Attractive Channel (MAC) 
analysis, which claimed reasonable phenomeno logical result. However, it does not seem 
to explain a large mass of the top quark (top-bottom splitting) in a way consistent with 
the p/T parameter constraint from the LEP precision experiments, the problem being 
more serious for the walking/conformal TC. [20] 

Such a large top quark mass may be explained by the top quark condensate, or 
top- mode standard model [211 ISSl [231 121] • So, it would be natural to seek a model 
which accommodates top quark condensate into an explicit scheme of ETC. After 
ETC breaking, it would yield a low energy effective theory something resembling the 
top color-assisted technicolor (TC2) [25112^ as a variant of the ffavor-universal TC2 [27] 
rather than of others: "classic TC2" [25] and "type n TC2" [26]. 

In this paper we experiment such an explicit ETC model incorporating straightfor- 
wardly the ffavor-universal coloron type topcolor. Apart from the topcolor sector, the 
model is the same as that of Ref. [TSl [12] ; Namely, the ETC gauge group SU (5)etc con- 
tains one-family S'f/(2)Tc walking/conformal technicolor and SU{3) horizontal gauge 
symmetry for three families of the SM fermions. Since the ffavor-universal coloron acts 
like SU{3)qcd gluon on the quarks and techniquarks, the model is the same as that of 
Ref. [m [19] concerning the ETC sector. It was shown in Ref. [HI [I9] that SU{5)etc 
can break down successively to SU{4:)etc, SU{3)etc and eventually to S'?7(2)tc, the 
walking/conformal TC, by the Most Attractive Channel (MAC) analyses of the dynam- 
ics of ETC and 5'f/(2)Hc hypercolor. However, actual criticality conditions were not 
fully considered for the ETC breakings and all three ETC breaking scales Ai > A2 > A3 
were thus treated as free parameters. Here we impose criticality condition for every 
step of the ETC breakings, based on the ladder SD equation, and ffnd that the ETC 
breaking scales are no longer free parameters but actually are determined once we ffx 
the scale Ai for the initial breaking SU{5)etc SU{A)etc as an input. It turns out 
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that the scales for the second and third stages of the ETC breakings, A2, A3, are much 
higher than in Ref. fl8[ [T9] and hence yield extremely small mass O{10^^ GeV) for 
the third generation fermions characterized by A3, even though the TC condensate is 
enhanced by the large anomalous dimension of the walking/conformal TC. 

Then we consider a straightforward extension of such an ETC model ("top-mode 
ETC") so as to incorporate the flavor- universal SU{3)i x SU{3)2 topcolor, by simply 
replacing the SU{3)qct) of both techniquarks and quarks in the conventional ETC 
model [m [19] by a single factor group 5*^7(3)1 of the topcolor. The topcolor breaks 
down to SU{3)qcd color symmetry, giving rise to the coloron mass Mc and yields 
effective four-fermion interaction among quarks which is tuned close to the critical 
coupling. This is a new ingredient absent in the conventional ETC model p!8| [T9] . 
Then the broken ETC-induced four-fermion interactions prefer the third generation 
quark condensate and the U{1)y interaction further prefers the top quark condensate 
to the bottom condensate. Accordingly, the top quark condensate takes place and 
the top quark acquires the mass rhf from the top quark condensate which is expected 
to dominate the ETC-induced mass mf'^ (<^ mj): rrit = rht + mf'\ Thus the model 
appears to solve the third generation mass problem of the ETC model of Ref. [T8| 119]. 

However, since we require the topcolor SU {3)i is near criticality and thus is very 
strong, the techniquarks, carrying the same strong topcolor as well as the equally strong 
walking/conformal technicolor, are forced to condense at the scale much larger than 
the weak scale, a disaster. 

Then we consider an alternative ("twisted model"), namely a version of TC2 with 
the flavor-universal coloron type topcolor SU{3)i for the quarks but SU{3)2 for the 
techniquarks. Although explicit ETC model building of this type of TC2 is rather 
complicated and not available at this moment, we hope that some larger picture would 
make it. Once we admit a possibility that such an "ETC" gives rise to hierarchical 
scales to discriminate the generations of quarks/leptons as in the ordinary ETC, we 
can reproduce the quark/lepton masses including the third generation: Only the top 
quark has mass from the top quark condensate as well as from the TC condensate via 
"ETC" -induced four-fermions, while other fermions acquire mass only from the latter. 

A novel feature we find is the large enhancement of the "ETC" -induced mass which 
acts like the bare mass explicitly breaking the chiral symmetry of the topcolor sector. 
Here we recall the fact [281 [21] that the Nambu-Jona-Lasinio (NJL) -type four-fermion 
interactions develop large anomalous dimension 7^ — 2 in both broken and symmetric 
phases as far as the couplings are close to the criticality @. This implies great amplifica- 
tion of the bare mass m^^^ defined at the cutoff scale A to the renormalized mass m(yu) 

* Although the pure NJL in four dimensions is not renormahzable and the concept of the anomalous 
dimension is not well-defined, the present case of the broken topcolor with QCD coupling is actually 
the gauged NJL model which is renormahzable in both broken and symmetric phases when A = 
24/(33 - 2Nf) > 1 [ini [30] and in fact in our case A ^ 8/7 > I for Nf = 6 < mxc) and 
A — 24/13 > 1 for Nf = 10 (mxc < /i < Mc). In this case the anomalous dimension has a log 
correction to 2: ~ (A/^)2[ln(A/AQCD)/ ln(Ai/AQCD)]"^/^- See Ref.[8]. 
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defined at the lower scale A) (usually the dynamical mass of the fermion): m{fi) = 
m^^^ with = (A/ fi)"'"^ ~ (A//i)^. In the case at hand, while the unbroken top- 
color develops rather small anomalous dimension for the region Mq < < A3, the bro- 
ken topcolor for the region mt{— mt) < fi < Mq yields a large anomalous dimension to 
the top and bottom quarks whose four-fermion couplings (in the broken phase for top, 
while in the symmetric phase for bottom) are both close to the criticality. This am- 
plifies the bare mass by the factor ~ (Mc/mf)^[ln(Mc/AQCD)/ ln(r?7,t/AQCD)]~'^^^ 
(with log correction due to QCD) which would be > 500 for e.g., Mq > 4TeV. 
This easily realizes renormalized ETC-induced mass ~ 5 GeV for the top and bot- 
tom. This gives us the renormalized ETC-induced mass for the top and bottom even 
when the typical ETC-induced bare mass at the scale of ETC breaking is very tiny: 
~ 0(100 Me V). Then the main portion of the top mass coming from the top quark 
condensate is rht = mt — 5 GeV = 167 GeV so that we can reproduce the physical top 
mass: ~ 167-1-5 = 172 GeV. Other quarks having four-fermion couplings somewhat 
smaller than the criticality will have the anomalous dimension smaller than that of the 
third generation, so that the enhancement would be much smaller. 

So we hope that it can be the first step toward constructing a realistic model 
incorporating both technicolor and topcolor. 

As a novel effect of the large anomalous dimension 7^ — 2 of the topcolor dynamics 
mentioned above, we find the upper bound of the top-pion mass m.^^ < 70 GeV which 
is conservative estimate and is universal to the generic TC2 not restricted to our model 
setting. The top-pion appears in the generic TC2 model[25l [26], since both the top 
quark condensate and technifermion condensate break respective global symmetries, 
which results in two kinds of three Nambu-Goldstone (NG) bosons. Three of them 
(mainly boundstates of technifermions) are absorbed into W, Z bosons as usual and 
the rest three are pseudo NG bosons (mainly boundstates of top and bottom). The 
top-pion mass may be estimated by the Dashen formula [21] m^Jl^ = mf'^tt), where 
mf^ is the ETC-induced top mass acting as the bare mass. The decay constant /^^ may 
be calculated by the Pagels-Stokar formula [32] for /^^ which is evaluated in exactly the 
same way as in the original top quark condensate paper pT] where the mass function 
is not a constant but logarithmically damping due to the QCD correction. It reads: 
/^^ = [NcirhtY / {Sn'^)] ■ F{Mc,rht), where the function F is ln(Mc/(mi)^) in the pure 
NJL model but is modified to a certain function in the gauged NJL model which is 
finite in the limit Mq 00, reflecting the renormalizability of the gauged NJL model. 

Now, the crucial point of our estimate is that the right-hand side of the Dashen for- 
mula is renormalization-point independent: mf\MQ) ■ (^^)|mc = mf'\rht) ■ Us- 
ing the estimation (tt)|mt = N c{rht)'^ / {A-n"^) , we have m^^ = mf'\tt) / f^^ = 2mf\mt) ■ 
rht/ F{Mc, Tilt) = 2x{mt—x)/F{Mc,7Jit = rrit—x), where we have written x = mf'\mt). 
The gross structure of this expression is essentially determined by the factor 2x{mt — x) 
which has a maximum value /2 at x = mt/2, and the function F[Mc, rht = iTit~x), 
numerically similar to \n{MQ/{mt — x)^), is a slowly increasing function as Mq (not 
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diverging, though) and hence the lowest possible Mq gives the upper bound of m^^. 
A model-independent lower limit of the mass of the flavor-universal coloron (as in the 
class of models considered in this paper) Mq is Mc > 837 GeV [33], which yields an 
upper bound m^^ < (60GeV)^ at a; ~ mtjl. On the other hand, fiavor-non-universal 
coloron mass bound is somewhat weaker Mq > 450 GeV which implies the upper bound 
< (70GeV)^. The latter is a very conservative upper bound universal to generic 
model of TC2 not restricted to specific TC2 model, since in the generic TC2 model the 
actual mass bound of the coloron is Mq/ cot 6* > 837 GeV and Mq/ cot 9 > 450 GeV 
for flavor-universal and fiavor-non-universal cases, respectively, with the condition that 
cot ^ > 4 in order to trigger the top quark condensate [33] . 

The paper is organized as follows: In Sec. [21 we present an ETC model incorporating 
the topcolor (Top- Mode ETC). The successive ETC breakings through MAC analyses 
is shown in the same way as the model without topcolor. In Sec. [3l we discuss criticality 
conditions for the ETC breakings and estimate the breaking scales, based on the ladder 
SD equation analysis. We find that without topcolor the model yields only a small 
mass on the order of (9(0.1 GeV) to the third generation. In Sec. HI we study the 
effect of the topcolor in the form of the gauged NJL model, the effective four-fermion 
interactions due to the broken ETC and topcolor interactions with the SM gauge 
interactions. Based on the phase structure of the gauged NJL model, we discuss the 
criticality conditions under which top quark is the only quark to condense. Then it 
is shown that the techniquark condensate, which is triggered by the combined effects 
of the technicolor and the topcolor, is very large as far as we require the topcolor 
coupling is large enough to trigger the top quark condensate. In Sec. |5] we argue an 
alternative model of TC2, where we roughly estimate third generation quark masses 
and emphasize that the large anomalous dimension 7^ — 2 of the broken topcolor as 
well as the large anomalous dimension of the walking/conformal TC is crucial to give 
the large enhancement for the third generation quark masses. In Sec. [6] we give a new 
estimate of the mass of top-pion as a novel effect of the large anomalous dimension 
of the broken topcolor. We find a rather small upper bound of the top-pion, which is 
universal to the generic TC model. Sec. [7] is devoted to summary and discussions. 

2 A Top Mode Extended Technicolor Model 
2.1 The Model 

We use a typical one-family TC model [9] with Nf = 8 technifermions and with 
SU {2)tc as a TC gauge group, which is a walking/conformal TC near the edge of 
the conformal window Nf ~ 4A''c [10] evaluated in the ladder approximation. The 
simplest ETC model would be SU{5)etc which accommodates S'f/(2)Tc one-family 
technifermions and three families of quarks and leptons. Following Ref. [19], we intro- 
duce SU{2)iic in order that the SU{5)etc successively breaks down as S'?7(5)etc 
SU{4:)etc SU{3)etc ~^ >S'[/(2)tc- Although this model is the same as that of 
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Table 1: Particle contents. This table without $ is the same as Ref. [19] beside that 
SU{3)qcd is replaced by SU{3)i x SU{3)2- $ is the scalar field and other fields are 
the fermion fields. 



Ref. [19] as to the ETC sector, we introduce the universal coloron-type topcolor sym- 
metry SU{3)i X SU{3)2 which breaks down to SU{3)qcb- Note that the universal 
coloron does not affect the ETC sector. 

Particle contents in this model is listed in Table. [H Q, U, V, C, S include one-family 
technifermions and three-generation quarks and leptons : 

QL = {Q\q3,q2,qi)l, CL = {L\h,h,h)l,UR={U\t,c,u)l,-- - , (1) 

where a = 1, 2 is TC indices, qi{li) represents i-th generation SU (2)i-doublet quark(lepton), 

= (f/" , D")^ and = (A^" , E"')'^ are techniquarks and technileptons, respectively. 
Additional fermions ipR , tp'j^ participate in the desirable ETC breaking as will be dis- 
cussed in detail in Sec. 12. 2^ while ur contributes only to the running behavior of the 
SU{2)}ic gauge coupling, and the largest possible number of uj is N^^ < 10 in order to 
keep the asymptotic freedom (A''^^ = 2 in Ref. [19], while we shall take N^^ = 10). The 
condensation of "effective Higgs" field $ breaks the topcolor symmetry to SU{3)qci) 
symmetry. 

Apart from the ETC group, this is the same as the fiavor-universal TC2 [27j in the 
sense that all quarks (techniquarks as well) have the same charge under the topcolor 
symmetry SU{3)i x SU{3)2, but for simplicity we do not introduce the additional 
(strong) U{iy which in the fiavor-universal TC2 models is coupled only to the third 
generation quark to trigger the top condensate. Instead, the ETC gauge interaction in 
our case discriminates the third generation quarks from others near the criticality of the 
strong coloron interaction. Once the third generation is selected, top is distinguished 
from bottom by the usual U{1)y interaction in the Standard Model near the criticality. 

I 

^ This requires some fine tuning which may be avoided by introducing extra strong 11(1)' as in the 
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Before discussing detailed dynamics, we here note that the desired ETC breaking: 
SU{5)etc SU{4:)etc ^ SU{3)etc ^ SU{2)tc and topcolor breaking: SU{3)i x 
SU (3)2 — > SU (3)qcd can be reahzed through the (electroweak singlet) "effective Higgs" 
fields 

Hf^^ ~ (5, 1, 1) (under SU{5)etc x SU{3)i x SU{3)2) , 
~ (4, 1, 1) (under SU{4)etc x SU{3)i x 5f/(3)2) , 
^^3^^^ ~ (3, 1, 1) (under SU{3)etc x SU{3)i x SU{3)2) , 

$ ~ (1,3,3) (under 5f/(2)Tc X 5[/(3)i X 5f/(3)2) . (2) 

Here "eflFective Higgs" fields i/f^c ^ ^etc ^ ^etc ^^g^k 5f/(5)ETC, SU{4)etc and 
S'[/(3)etc successively through hierarchical condensates Ai ^ A2 ^ A3 where Aj = 
{Hf'^^) . $ breaks SU{3)i x 5f/(3)2 through ($) which we take A3 > Ac = ($). 

Although a scenario of dynamically producing such "effective Higgs" fields for the 
successive ETC breakings was given in Ref p!8| [19], it was left unclear whether or 
not the criticality conditions for each step of ETC breakings can really be met. Here, 
we shall explicitly examine the criticality conditions and find that in order for the 
SU{5)etc SU{4:)etc breaking takes place, the SU{5)etc coupling at the scale 
of Ai(= 1000 TeV) should be much larger than that of Ref [18]. Once S'?7(5)etc 
breaking takes place due to the coupling this large the desired successive breakings 
SU{5)etc — SU{4:)etc SU{3)etc SU{2)tc are actually realized. However, 
we shall demonstrate that the lowest ETC breaking scale A3 is determined to be very 
large ; A3 ~ 700 TeV (N^ = 2) and A3 ~ 360 TeV {N^ = 10). Even including ambiguity 
of critical value of the ladder SD equation up to 30% for the SU{5)etc, it can only 
be A3 > 150 TeV, so that the third generation mass should be at most in order of 
O{10~^ GeV) even in the walking/ conformal TC with 7^ ~ 1 within the framework of 
only ETC without topcolor. 

Now to a model with topcolor. Due to ($) = Ac the topcolor symmetry SU {3)i x 
SU{3)2 is spontaneously broken down to SU{3)qcd- We are left with strongly coupled 
effective four fermion interaction which, combined with broken ETC and U{1)y gauge 
interactions near the criticality, triggers the top quark condensate giving rise to the 
main part of the top quark mass m\"^'" ~ 170 GeV. In the case of A^^^^ = 10, we have 
A2 ~ 850 TeV , A3 ~ 360 TeV for Ai = 1000 TeV. If the TC dynamics is near critical 
dynamics then the ETC driven mass of the third generation mf'^'" ^ 10~^ GeV which 
is regarded as the bare mass at A3 in the topcolor dynamics and is expected to be 
amplified to mf^*" ~ 5 GeV at a scale of top mass by the anomalous dimension of 
NJL-type 7^ — 2 for the quark bilinear operator due to broken topcolor dynamics. 
Then we would have rrit = m'°^*" + mf'^'^ ^ 175 GeV and = mf'^'^ ~ 5 GeV. 
However there is a serious drawback in this model: Combined effects of the technicolor 

flavor-universal TC2 models. Although the conventional 11(1)' to distinguish the third generation from 
others may not straightforwardly be incorporated into the ETC model, the flavor-universal 11(1)' [34] 
is an interesting possibility. We shall study such a case in SeclH 
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and topcolor are very strong, which trigger the techniquark condensate at much larger 
scale than the weak scale. Then the /^j, does not satisfy the basic requirement of the 
model setting 4/^^ ~ 4(110 GeV)^ = (246 GeV)^ - fl , - (100 GeV)^. We shall 
discuss a possible way out in the latter section. 

2.2 MAC analysis of Successive ETC breakings 

In this section we review the MAC analysis of S'?7(5)etc with S'f/(2)Hc following 
Ref . [m EH] , postponing our own discussions on the criticality of the MAC binding 
strength to SecJ^. 

The successive ETC breaking may be realized by ipR , i'R (topcolor and EW singlets) 
in Table. [1] and the S'?7(2)hc gauge interaction. Let us define AC2(ri x r2 — r^,) = 
C2{ri)+C2{r2)—C2{r3) where C2{r) is a quadratic Casimir operator with representation 
r under each gauge group. Also, 5'Ar(ETC) is SU{N)-etc gauge coupling, aAr(ETC) = 
fAr(ETC)/47^' a'^d 5(2(HC) IS SU{2)uc gauge coupling, a2(HC) = 9l(Kc)/^'^- 

2.2.1 Realization of SU{5)etc breaking down to SU{4:)etc 

First, ipR ; i^R ill Table. [T] take part in SU{5)etc breaking system. The preserving 
SU (2)hc candidates of condensation are : 

(TO, l,l,l,l)oX (TO, 1,1,1,1)0 



(10, 1,1,1, 2)0 X (10,1,1,1,2)0 



(10, 1,1,1, 2)0 X (10,1,1,1,2)0 



where representations in the parentheses correspond to (5'f/(5)ETC, SU{3)i, SU{3)2, 
SU{2)l , SU{2)nc )c/(i)y, and each AC2 is AC2(T0 x TO ^ 5) = AC2(10 x 10 ^ 
5) = 24/5 for SU{5)etc and AC2(2 x 2 ^ 1) = 3/2, AC2(2 x 2 ^ 3) = -2 for 
SU{2)yic- Here k^^''^^ represents a binding strength for each channel labeled by the 
representations {A , B) of condensation under (5'?7(A^)etc, 'S'f/(2)Hc)- We can see 
easily ^5^'"^'' > k'^'^^ > kf'^\ so that MAC appears to be Eq.(jl]) rather than Eq.([3]) 
and ([5]). However, the channel Eq.(jl]) is forbidden by the Fermi statistics, and hence 
Eq.Q is the MAC for the breaking as SU {5)etc 5'[/(4)etc- The condensation of 
this channel corresponds to (iff"""*") = Ai 7^ in Sec. 12. 1[ Once ^5^'^^ exceeds the 

^ Since the universal coloron type topcolor acts in the same way as the SU (3)qcd in the discussions 
of ETC breakings, discussions in Sec l2.2l and SecO apply to both the model of Ref [TSl[Tn] and ours. 



(5,1,1,1,1)0, 

:fcf''^ = ya5(ETC)(Ai), (3) 
(5,1,1,1,1)0, 

: '^^ = ya5(ETC)(Ai) + -a2(HC)(Ai) , (4) 
(5,1,1,1,3)0, 
. ^(5,3) ^ ^^^^^^^(^^^) _ 2a2(HC)(Ai) , (5) 
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critical binding strength kcrit (as will be discussed in Sec. |3]), SU{5)etc breaks down 
to S'[/(4)etc; and as a result quark/lepton sector is divided below Ai as 

f(l, 3, 1,2, 1)1/6 ■qiL={u,d)L r(l, 1, 1, 1, l)__i/2 : /iL = (z^e,e)L 

Ql^{ , Cl^I (6) 

[(4, 3, 1,2, 1)1/6 : Q!l i(4,l,l,l,l)_i/2 : ^ 

r(i,3, 1, 1, 1)2/3 -ur 

[(4,3,1,1,1)2/3 -.Wj, 

r(i,3,i,i,i)_i/3 -.dR r(i,i,i,i,i)_i -.CR 

l(4,3,l,l,l)_i/3 :V'j, [(4,l,l,l,l)_i -.S'^ 

and the remaining fields of ipR , tp'j^ are 

i^R : {(4, 1, 1, 1, 2)0 , (6, 1, 1, 1, 2)0} , tfj'R : (4, 1, 1, 1, l)o , (9) 

where we labeled the representations according to {SU (4)etC) SU (3)i, SU{3)2, SU (2) l, 
SU{2)uc )u{i)y- 

2.2.2 Realization of SU{4:)etc breaking down to SU{3)etc 

Now, (4,1,1,1,2)0, (6,1,1,1,2)0, (4,1,1,1,1)0 and the 5'[/(2)hc gauge interaction 
take part in the SU{A)etc breaking system. The candidates of condensation are : 

(4, 1,1,1, 2)0 X (6,1,1,1,2)0^ (4,1,1,1,1)0, 

: kf'^^ = -a4(ETC)(A2) + 2"2(hc)(A2) , (10) 
(6, 1,1,1, 2)0 X (6,1,1,1,2)0^ (1,1,1,1,3)0, 

: fcf '^^ = 5a4(ETC)(A2) - 2"2(HC)(A2) , (11) 

where the representations were labeled by {SU (4)etc; SU (3)i, SU (3)2, SU (2) l, SU (2)Hc)c/(i)y 
and AC2(4 x 6 ^ 4) = 5/2, AC2(6 x 6 1) = 5 for SU{A)etc- 
The channel in Eq.l^U^j is the MAC rather than Eq.(^ if 

/ci^'') > fc^') ^ a2(HC)(A2) > ^a4{ETC)(A2) , (12) 

is satisfied at A2. The condensation of Eq. (fTO|) correspond to {Hf^^) = A2 7^ in 
Sec. 12.11 Once k^'^^ exceeds the critical binding strength /ccrit (as will be discussed in 
Sec. |3]), 5'?7(4)etc breaks down to SU{3)etc, and as a result quark/lepton sector is 
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divided below A2 as 



Ql 



u 



R 



V 



R 



(1,3,1,2,1)1/6 : 


qiL = {u, d)L 


(1,3,1,2,1)1/6 : 


q2L = (C, s)l 


(3,3,1,2,1)1/6 : 


Q'L 


(1,3,1,1,1)2/3 


ur 


(1,3,1,1,1)2/3 


cr 


(3, 3, 1, 1, 1)2/3 


u'k 


(l,3,l,l,l)_i/3 


■ dn 


(l,3,l,l,l)_i/3 


■■ Sr 


(3, 3, 1, 1, l)_i/3 





'(1, 1, 1, 1, l)-l/2 : llL = {^e,e)L 

(z/^,/i)L(13) 



(l,l,l,l,l)_l/2 
,(3,l,l,l,l)_i/2 



: / 



2L 



■ C" 



(14) 



'(1,1,1,1,1)-! -.en 
<!(l,l,l,l,l)_i 
X3,l,l,l,l)_i 



(15) 



and the remaining fields of ipR , ip'^ are 

: {(1, 1, 1, 1, 2)0 , (3, 1, 1, 1, 2)0} , i^'R : {(1, 1, 1, 1, 1)0 , (3, 1, 1, 1, l)o} , (16) 
where we labeled the representations by (S'f/(3)ETC , 5'f/(3)i, SU{?>)2, SU{2)l, SU{2)}ic)u{i)] 
2.2.3 Realization of SU{3)etc breaking down to 5'f/(2)Tc 

Finally, (1, 1, 1, 1, 2)o , (3, 1, 1, 1, 2)o , (1, 1, 1, 1, l)o , (3, 1, 1, 1, l)o and the ^[/(2)hc gauge 
interaction contributes the SU (3)etc breaking system. The candidates of condensation 
are : 



(3, 1, 1, 1, 2)0 X (3, 1,1, 1,2)0 --(3, 1,1,1,1)0: 



(3, 1,1,1, 2)0 X (3,1,1,1,1)0^ (1,1,1,1,2) 



4 3 

-a3(ETC)(A3) + -a2(HC)(A3) , (17) 



, 



: k. 



(1,2) 



-a3(ETC)(A3) , 



(1^ 



where the representations were labeled by {SU (3)etc, SU (3)i, SU (3)2, SU (2) l, SU (2)Hc)(7{i)y 
and AC2(3 x 3 ^ 3) = 4/3, AC2i3 x 3 ^ 1) = 8/3 for SU{3)etc- 
The channel in Eq.([I7D is the MAC rather than Eq.(^ if 



, (3,1) , (1,2) 



"2(HC)(A3) > -«3(ETC)(A3) 



(19) 



is satisfied at A3. The condensation of Eq. (fT71) correspond to {Hf^^) 7^ in Sec. 12. 1[ 
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Once k^'^^ exceeds the critical binding strength fccrit (as will be discussed in Sec. [3]), 
SU{3)etc breaks down to S'[/(2)tc, and as a result, quark/lepton sector is divided 



Qi 



R 



V 



R 



! as 














(1,3,1,2,1)1/6 : 


qiL = 


{u,d)L 




'(1,1,1,1,1). 


-1/2 


■.hL = 


(1,3,1,2,1)1/6 : 


q2L = 


(c, s)l 




(1,1,1,1,1)- 


-1/2 


■.l2L = 












(1,3,1,2,1)1/6 : 


QSL = 






(1,1,1,1,1)- 


-1/2 


: kL = 


f2 3 1 2 1)1 la ■ 
V^) 0, X, -i-;i/6 • 




\^ 1 ^ 1 L 




f2 1 1 1 1) 


-1/2 




(1,3,1,1,1)2/3 


ur 












(1,3,1,1,1)2/3 


cr 












(1,3,1,1,1)2/3 


tR 


1 










(2, 3, 1, 1, 1)2/3 


U^R 












(l,3,l,l,l)_i/3 


■ da 






'(1,1,1,1,1)- 


-1 • 


eR 


(l,3,l,l,l)_i/3 


■ Sr 


, ^R- 




(1,1,1,1,1). 


-1 ■ 


fJ^R 




< 








(l,3,l,l,l)_i/3 


■ hn 






(1,1,1,1,1)- 


-1 '■ 


tr 


(2, 3, 1, 1, l)-i/3 








,(2,1,1,1,1). 


-1 '■ 





(20) 



(21) 



(22) 



and the remaining fields of , tp' are 

2 X 
2 X 

N^R = 



(1,1,1,1,2)0: 

(1,1,1,1,1)0: 
(2,1,1,1,1)0 



(23) 
(24) 
(25) 



where the representations were labeled by (S'f/(2)Tc, SU{3)i, SU{3)2, SU{2)i, SU{2)yic)u(i)y- 
We identify (2, 1, 1, 1, l)o-field with right-handed techni-neutrino, so that technilepton 
condensation preserves the custodial SU{2), {NrNl) = {ErEl). 

As we noted before, ojr contributes only to the running behavior of the S'[/(2)hc 
gauge coupling, and the largest possible number of uj is < 10 in order to keep the 
asymptotic freedom. As A^^^ increases, the hierarchy among AjS becomes large. As we 
discuss in Secj3l if we take N^^ = 2 as Ref. [19], all AjS become nearly degenerate. We 
shall take the largest possible value = 10 in order to maximize the hierarchy. 

Since the S'[/(2)hc is confined at a scale near A3, after ETC gauge group breaks 
down to TC gauge group, we have ordinary SM quarks/leptons and one family tech- 
nifermions except for the SU{3)i x SU{3)2 instead of SU{3)qcb- 
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3 Criticality of the successive ETC breakings 



Now we come to the discussions on the criticahty of the MAC identified in the previous 
section. By taking account of the criticahty condition and the running effect of the 
ETC gauge couphngs at each breaking stage, we obtain definite value of A2 and A3 once 
Ai(= 1000 TeV) is fixed as an input, the lowest allowed scale from the KoKo-mixing. 
This is in contrast to Ref [HI [19] which did not impose the criticality condition for 
the breaking of the SU{5)etc SU{4:)etc and the running effect of the ETC gauge 
couplings at each breaking stage, and hence treated A2 and A3 as adjustable parameters. 

Several analyses based on the ladder SD equation show that the critical binding 
strength for the MAC condensation for breaking ETC gauge symmetries is fccrit = 
27r/3 [35], so that each k^j^'^^ for the MAC should be larger than k^"^: 

4^'^^ > k-- = I . (26) 

Our assumption about the running of ETC gauge coupling is fcg ~ fccrit at Ai = 
lOOOTeV which corresponds to 

«5(ETC)(Ai) = 0.436. (27) 

There is of course possible error 1 — 20% [36] of the estimation of fc™* due to the ladder 
approximation. Even if we take account of possible 30% ambiguity of the critical 
coupling, a5{ETC)(Ai) could be lowered only to Q!5(etc)(Ai) = 0.31. This is compared 
with the value a5(ETC)(Ai) = 0.1 used in Ref. [TS| \W\. 

Now we discuss the running effect of the ETC coupling on the criticality conditions, 
starting with a5(ETC)(Ai = lOOOTeV) = 0.436 as in Eq. fl27|) . The renormalization 
equation of each ETC gauge coupling are 

IJ'-Qj^OlN (ETC) = -bN «Ar(ETC) ' (28) 



UN - 2 Qat/ + Iat/ + ^N-y-^ 



(> 0) , (29) 



where A^^(/{) is the number of left(right)-handed fermion with fundamental representa- 
tion under SU{N)etc and N^^^^ is the number of right handed fermion with antisym- 
metric second rank representation under SU{N)etc- {^[^ -^w -^r^"^) ea-ch ETC 
gauge group is 

for A^ = 5 
for A^ = 2 
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{N[, n!^, AT^y"") for SU{2)nc gauge group with A"^ = 2 or 10 is 

N^ = 2 N^ = 10 

r(0,12,0) (0,20,0) for < fi 
{N[,NiN'^n= (0,14,0) forA3</i<A2 . 

[(0,4,0) (0,12,0) for < A3 

In order to realize the desirable breaking SU (4) etc SU (3) etc through the chan- 
nel in Eq.lITOl) with Eq. (fT2l) at the scale A2 lower than Ai, we should take S'f/(2)HC 
gauge coupling at Ai as a2(HC)(^i) = 0.59 for = 2 case and tt2(HC)(^i) = 0.57 for 
A^^ = 10 case. 

Here we comment on A2,3 in the case of A^^^ = 2 in Ref. [19]. In this case, A2,3 is 
given as A2 = 850 TeV and A3 = 500 TeV, so we obtain no large hierarchy between 
A3 and Ai^2 and hence no large mass difference between the third generation and the 
second/first generation. 

In this paper, instead of = 2, we take = 10, which is the largest possible 
number of u fulfilling A^ < 10 in order to keep the asymptotic freedom. Using settings 
of = 10 and k\^'^\Ai) ^ fccrit, A2,3 is given byQ 

A2 = 850 TeV , A3 = 360 TeV . (32) 

After all the ETC gauge group breakings take place, we are left with SU{2) TC 
theory with Nf = 8 as discussed in Sec J2.2[ This TC has an intrinsic scale Atc at 
two- loop level, which is taken as an effective cutoff in the walking/ conf or mal TC |10j . 
and we identify Atc with A3. 

Atc = A3 = 360 TeV : (33) 

In the case of A"^ = 10, we have a7v(ETC) ; «2(hc) at each scale of ETC breakings 
(Ai = 1000 TeV, A2 = 850 TeV and A3 = 360 TeV) as 

a5{ETC)(Ai) = a4(ETC)(Ai) = 0.436, (34) 

a4{ETC)(A2) = a3(ETC)(A2) = 0.476 , (35) 

«3{ETC)(A3) = a(TC) (A3) = 0.705, (36) 

a2(HC)(Ai) = 0.59, (37) 

a2{HC)(A2) = 0.596, (38) 

«2(HC)(A3) = 0.761. (39) 

The running behavior of both the ETC/TC gauge couplings and the binding strengths 
for each stage of ETC breakings are shown in Fig. [T]for the case of = 10. 



If we take account of possible 30% ambiguity of K^rit and Ai = 1000 TeV, we obtain A2 = 360 TeV 
and A3 = 150 TeV for = 10 case. (This possible 30% ambiguity of fccrit will produce A2 = 400 TeV 
and A3 = 220 TcV for Ai = 1000 TeV in the case of = 2.) 
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a&k 









a-Yc 


k^~ 






^^^£1^ «4ETC 


^Q'SETC 









A3 A2 Ai 



Figure 1: Running behavior of both the ETC/TC gauge couphngs and the binding 
strengths for each stage of ETC breakings for the case of = 10 (Ai = 1000 TeV, 
A2 = 850 TeV, and A3 = Atc = 360 TeV.). a* = 27r/5 is the BZ-IRFP for SU{2) 
gauge theory with Nf = 8. Each binding strength is ^5^'^^ in Eq.([3]), k^^'^^ in Eq. ffTOl) 
and k^'^^ in Eq. f|T7|) with the upper dashed hne being the critical value /Ccrit = 27r/3. 
ttTc(ATc) = "TclAs) = 0.705. 



Now that all ETC breaking scales are fixed uniquely, we come to the discussion on 
the third generation mass due to the TC condensate through ETC- induced four-fermion 
interactions: 



/-TC-Srdi _ _^ETC 

■'-ETC I mass — '-''3 



(UnYtn + DRYbn) (qslI^Ql) ] + [h.c] , (40) 



where 



^ETC ^ ^3(ETC) ^ J_ ^ 47rQ;3(ETC)(A3) 

^ 2M| 2Ai 2M| ' ^ ' 

and M3 = 5'3(ETC)A3 is the mass of the broken SU{3) ETC gauge boson. Now the 
SU{2) TC with Nf = 8 is a walking/conformal theory where the two-loop /5-function 
possesses the BZ-IRFP a^, = 27r/5 which is lower than the critical coupling evaluated 
in the ladder SD equation: a* < a"'* = 7r/(3C2(-F)). However there is some ambiguity 
in evaluation of the critical coupling up to 1-20% in the ladder approximation [36j. In 
fact the critical couphng a^"* decreases by 20% when we define the critical coupling 
such that an anomalous dimension is 7^ = 1 at two- loop level |10]. So we may expect 
that the present TC triggers the technifermion condensate by its own dynamics. 

After Fiertz rearrangement of Eq. (HOl) . we have the third generation quark mass 
given by 



4vrQ;3(ETC) (A3 



^3rd = ^Jp {QQ)Ah , (42) 
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where {QQ)m.^ = {UrQl)m-j, = {DrQl)mz is the technifermion condensate given by 



(QQ)m3 



TC 



47r2 

A^TC 



M| 



dx 



47r2 



X + S(a;)^ 

(TC) 



2 / M3 



+ 1 - ln2 



mi 



TC ' 



(43) 



for the dynamical mass function of the technifermion parameterized as 



nx) 



rriTc 



X 



with the anomalous dimension 7 
color. Thus we have mard 



rriTc 

(TC) ^ 



9 7m 



for a; > 



for X < m^Q 



(44) 



1 for the walking/ conformal S'[/(2)tc techni- 



^3rd 



47ra3(ETC)(A3) ml^Ms 

~ X ~ 



2M| 



0.1 (GeV) X 



TTiTC 



500 (GeV) 



X 



360 (TeV) 



(45) 



where we have used Eq.fp6l) and M| = 47ra3(ETC)(A-3) x A3, with a typical value 
of the technifermion mass in the one-family TC model (A^tc = 2, Nf = 8) being 
mxc - 500GeV which corresponds to ~ (246GeV)V(Ar//2) (see, e.g., Eq.([Iig)- 
(I12ip ). Thus we can only have small mass for the third generation if the TC is the 
only origin of the EWSB in this type of ETC. 



4 The criticality of the EWSB 

Let us now discuss the EWSB in the top-mode ETC where both quarks and techni- 
quarks having the same topcolor SU{3)i are put in the same representation of ETC. 

As to the topcolor breaking, we assume that ($) = Ac 7^ , (A3 > Ac) trigger the 
topcolor breaking as 

SU{3)i X SU{3)2, 

i Ac (46) 

^f/(3)QCD , 

where SU{3)i is stronger than SU{3)2 and the gauge coupling of SU{3)i x SU{3)2 are 
given by hi and /i2, respectively. This topcolor breaking generates the 8 massive gauge 
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bosons ( colorons ) and 8 massless gauge bosons ( gluons ). The colorons mass Mq is 
given by 



and the 5'[/(3)qcD gauge couphng is given by 

gqcD = hi sin 9 = h2Cos9, 
where we defined the mixing angle 6 as 

cote = ^(> 1). 
h2 



(47) 



(4^ 



(49) 



After all the ETC and topcolor breakings occurred ( A mechanism of ETC breaking 
is shown in Sec. |3]), we obtain the S'f/(2)Tc x 'S'?7(3)qcd x SU{2)l x U{1)y invariant 
four fermion interaction : 



^ ^ — ^ETC + '^topC ' 



(50) 



where i,j is TC or SM and for example C'^q^^ represents four fermion interactions 
between technifermions and SM-fermions via massive ETC gauge bosons. For the mo- 
ment we shall concentrate on the four-fermion interactions which lead to the diagonal 
mass of the quarks/leptons in Eq. flSOj) : 



/-TC-SMi 

ETC I mass 



ETC 



Ur-Z^Cr + DR-f^'SR) (g2L7/.QL ) + (tRj^CR) [q2Ll^,(l3L 



(51) 



where 



G 



ETC _ Cj X 47ra7V(ETC) 

~ 2M? 



1, 2, 3; Ci — 2 , C2 — - , C3 



(52) 



5'Ar{ETC) is the SU{N)-EVG gauge coupling at Aj. From Sec. [3], our hierarchy reads 
Ai ^ A2 ^ A3. The sideway ETC gauge bosons mass is given by 



Mi = 5'Af(ETC)Ai . 



(53) 
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Let us discuss the criticality of the top quark condensate. We concentrate on {f fY- 
type four fermion interaction part in Eq. (!50!) : 



£4/ 



self 



E 

i=l,2,3 



Q — i 



+G'topC ( {QiLUiRf + {QiLdiRf 



where 



hfcos'^e 47raQCD .2n ^vr 

'^topC - —^TJT- - A cot d - ■ Kg , 



AMI 



AMI 



'C 



and 



i^z = «QCD cot^ 6 = asu{3)i cos^ 6 = 05(7(3)2 cos^ 6 cot^ 6* , 



(54) 



(55) 



(56) 



and aa = gl/An (a = QCD , SU{3)i , SU{3)2). 

Now, we consider the gap equation for the four fermion interaction Eq.(l5 



1 



1 



6 — i 
1 

6 — z 



•-Jj + '-JtopC 



X 



X 



47r2 
1^ 



1 - 



dyn 



In 



M2 



m 



m 



dyn 



In 



dyn 

M2 



dyn 



(for quarks) , (57) 
(for leptons) , (58) 



where Nc{= 3) is the number of colors, and mdyn is the dynamical mass of each fermion. 
We define the dimensionless four fermion coupling Qfi , {fi stands for the SM fermions) 
as 



9e 



ETC 
i 



] 



47r2 
47r2 



27r' 
27r ' 



where 



ETC _ r^ETC 2M^ _ CiaAr(ETC) f Mq 

9i — 



47r2 



TT 



(59) 
(60) 
(61) 

(62) 



We can realize the situation that the top quark is the only SM fermion to condense, 
only if the following conditions are met: 



9t> Qt ) 9b,T < g , 

,crit 



9f < , (/ = u,d,c,s,e,fi) . 
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(63) 
(64) 



As we discussed in Sec. |3]we have the hierarchical ETC breaking scale, so that we have 
a hierarchy of gf"^'" 

^ETC ^ „ETC _ „ETC 
i/S ^ 92 — i/S 

,ETC _ ^ETC 



3 

X - ■ 
4 


. ^2 . 


/M3 


C3 


VM2 


3 

X - ■ 
5 


. ^1 . 


/M3 


C3 





> .r-«r^x-.-i.^^j , (65) 

i.e., the condensate of the third generation quarks/leptons is favored to that of others. 
Then we concentrate on Eg. (1631) . 

In the NJL case g^^^^ is g^"^^^ = 1 in Eq. (!63|) . however, dynamics in the present case 
is the gauged NJL model ( SM gauge + NJL ). We recall the critical coupling (critical 
line) in the gauged NJL model 



where 

4 1 

oif=t,c,u{lj) = 2 aQCD(/i) + g ay(/i) , (67) 
4 1 

af=b,sAfJ') = 3 «QCD(/i) - — ay(/i) , (68) 
«/=e,M,r(/i) = + ^«y(/u), (69) 

In order to obtain the top quark condensation, K3 should satisfy Eq. (l63|) which read: 

(70) 

(71) 
(72) 

In the present case 

so we can neglect gf'^'^ in Eq. flTUl) . flTTl) and fl72]) . The coloron mass is constrained by 
the experiment Mq/ cot 6 > 837 GeV [33j, which implies Mq ^ 3 TeV in our case (see 
Eq.dZHD). We shall take 

Mc = 5 TeV. (74) 





> 


27r 




gr^ 




■ 




< 


271 






N'c 


■ 




< 
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In order to trigger the top quark condensation in the present model, K3 must satisfy 

«:3>^-^7f* and ^,<^^.gf\ (75) 

where in the case of Mq — 5 TeV, 

^/f*(Mc) ~ 0.942 , (7f*(Mc)~ 0.943, (76) 

which correspond to 

at(Mc)^ 0.119 , ab(Mc) ^ 0.117, (77) 

where we have used inputs: ayiMz) = 0.0101684 ± 0.0000014, aQCD(M^) = 0.1176 ± 
0.0020 [38]. Eg. (175!) and (176ll show a constraint on ^3 as 

1.973 < < 1.975. (78) 

From Eq. (l56|) . this result shows 

22.22 < cot^ 9 < 22.25 , and 2.062 < asu{3), (Mc) < 2.064 . (79) 

Now we discuss the criticality of the technifermion condensate. In this model, tech- 
nifermions have topcolor charge as shown in Table. [H so that the technifermion con- 
densate is triggered at the scale if au/D/E/NifJ') > is satisfied, where au/D/E/NifJ') 
is given by 





3 

-aTcW + 


4 

^asu{3)AN + 




(80) 




3 

-aTcW + 


^ "51/(3)1 (Z^) - 




(81) 


a£(/i) = 


^"Tc(/i) 


+ 




(82) 


aAr(/i) = 


^ttTc(/^) • 






(83) 



From Eq. (!79|) and Eq. (!36|) we estimate as'c/(3)i(/i > Mc) and q;tc(/^ < A3), respec- 
tively. The U{1)y contribution is negligible. Then we find that the combined coupling 
of TC and SU{3)i is rather strong already at yU = A3: auiA^) ~ 0.972 ~ tt/3. In fact 
we find au/nifJ') > 7r/3 at /i ~ 80 TeV which implies that the dynamical mass of the 
techniquark and hence the decay constant /^^ is on this order /^j, ~ mxc — 80 TeV, 
which is extremely large compared with the weak scale and is a disaster. 

Therefore, the framework in this section cannot give us a desirable result. In or- 
der to avoid this problem, we should change the topcolor charge assignment of the 
technifermions, so that the technicolor criticality could be unaffected by the strong 
topcolor which is required to be near criticality for triggering the top quark conden- 
sate. In the Section [5l we consider such a new TC2 model, although an explicit ETC 
model building is not attempted in this paper. 

20 



field 
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Er 


2 


1 


1 


1 





-1 


Nr 


2 


1 


1 


1 








qiL 


1 


3 


1 


2 


1/6 





UiR 


1 


3 


1 


1 


2/3 





diR 


1 


3 


1 


1 


-1/3 





hi 


1 


1 


1 


2 


-1/2 





eiR 


1 


1 


1 


1 


-1 






Table 2: Particle contents in the twisted flavor- universal TC2 model. 



5 Twisted flavor- universal TC2 

As discussed in Sec. HI we should change the topcolor charge assignment of the techni- 
quarks. In this section, as the first step to build an explicit ETC model having such a 
topcolor assignment, we here consider a new type TC2 model, twisted fiavor- universal 
TC2 model, in order to forbid a techniquark condensate at too large scale. In addition 
to the topcolor S't/(3)i x SU{^2 "we here introduce an extended hypercharge sector 
[/(l)yi X ?7(l)y2 [31] to be spontaneously broken into the SM hypercharge symmetry 
[/(l)y, in such a way that SM fermions carry the fiavor-universal S'f/(3)i x f/(l)yi, 
while technifermions do the opposite charges 5'[/(3)2 x \J (1)y2- The charge assignments 
in this twisted fiavor-universal TC2 model are shown in Table. El 

Since the techniquarks and quarks have different topcolor charges, it is highly non- 
trivial to put them into a single representation of the ETC. We would need larger 
picture to unify them. For the moment we shall not try such an explicit model build- 
ing but discuss possible consequences if the ETC type interactions communicate the 
SM fermions and the technifermions. Such a possibility may also be realized by the 
composite model for the SM fermions and the technifermions [3]. All the setting of 
symmetry breakings is made analogously to the ETC breakings of the model studied 
in the Sec. |2]and Sec. [31 Such an approach is the same as the conventional TC2 model 
building. 
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The symmetry breaking is assumed as follows : 

ETCi X SU{3)i X SU{3)2xSU{2)l x U{1)yi x U{1)y2 

ETC2 X SU{3)i X SU{3)2xSU{2)l x U{1)yi x U{1)y2 

i A2 (84) 

ETC3 X SU(3)i X 5C/(3)2X5C/(2)i X C/(l)yi X C/(l)y2 

i A3 

SU{2)tc X -5C/(3)i X SU(3)2xSU(2)l x C/(l)yi x C/(l)y2, 

i Ac < A3 

,5C/(2)tcX -5C/(3)qcd x5C/(2)iX C/(l)y , 

where we do not specify each ETC gauge group and dynamical mechanism of the ETC 
breakings in this section. Also, we do not discuss the dynamical mechanism of the 
topcolor/extended hypercharge breakings. Each gauge couphng of topcolor/extended 
hypercharge is follows: SU{3)i{SU{3)2) gauge coupling is hi (/i2) and f/(l)yi(f/(l)y2) 
gauge coupling is (^yi ((7(^2)) where SU{3)i/U{1)yi is stronger than SU{3)2/U{1)y2- 
The colorons and Z' mass Mc, Mz' are 

Mc = ^/if + /iiAc, (85) 

Mz' = \/9'yi + 9'y2^c (86) 
and the SU{3)qcb and U{1)y gauge couphngs are given by 

5'QCD = hisinO =/i2Cos6', (87) 

g'y = g'y^ sin 7] = g'Y2 COS 7] (88) 

where we defined the mixing angles 9 and rj as 

cot^ = ^^(>l) , cotr; = 4^(> 1). (89) 

/l2 ^y2 

As to the ETCa SU{2)tc breaking, the sideway gauge boson mass M3 is a free 
parameter at this moment and we assume here M3 > Mc — Mz' for simplicity. 

At Ac the topcolor/extended hypercharge gauge groups as well as the ETC group 
spontaneously break down, so that we have (//)^-type four fermion interactions: 



j=l,2,3 

+G'z'iQ^LUiR)' + Gf,{q,M' + Gi{J^Le^R)'] , (90) 
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where qii = {ui, di)1 , Ul = {i^i, ei)iL , U3 = t , d3 = b , = Ur , = t , ■ ■ ■ . Gf^'^ = 
4vraETC.(Ai)/(2M2) = 1/{2A]) {i = 1,2,3) are the four-fermion couphngs of the SM 
fermions generated by the ETC breaking at each scale Aj, GtopC the four-fermion 
couphng generated by the topcolor SU (3)i x SU{3)2 breaking at Ac and C^, is the four- 
fermion couphng of the fermions: / , {f = t,b,c, s,u,d, ■ ■ ■) generated by the extended 
hypercharge gauge symmetry U{1)yi x U{1)y2 breaking at Ac- 

We rewrite Gf^^, G^^^^ and G|, by gf^'", K3 and ni, respectively 

ETC _ 2vr^ ETC _ 47r f _ Air ^./w (q,\ 

-J^■9^ , ^topC-^-«^3 , W'-^-'^li^Li^K, (91) 

where 

= ttQCD cot^ 6 = asu{3)i cos^ 6 = asu{3)2 cos^ 6 cot^ 6 , (92) 

Ki = ay cot^ 1] = ayi cos^ r] = aY2 cos^ r] cot^ 77 , (93) 

and an, = gi/ATT{m = QCD , 5f/(3)i , 5f/(3)2) and an = g'n/^T^in = Y,Y1, Y2). 
We define the dimensionless four-fermion coupling gji as 

^ [N^Gr^^ + N^Gl^^ + G7] ^ = AT, . gf^^ + • g + ^ ■ ^ , (94) 

^7.., - [AT.Gf^^ + Ar.G:,,c + Gf] ^ = A^c ■ ^^^^ + ^ " " f ' ^^^^ 

In terms of (l94ll - (!96l) we have the conditions that top quark is the only SM fermion to 
condense, 

9t > , 9i>,r < gtf , (97) 

gu,d,c,s,e,fj. < 9u,d,c,s,e,fj. ' (98) 

where the critical lines for SM fermions, g^ct^ given in Eq. fl66l) - (l69l) . which yield 

g:%{Mc) ^ 0.942, 
9d%{Mc) ^ 0.943, 

gtZiMc) ^ 0.997, (99) 

for the values of au,c,t — 0.120 , ad,s,b — 0.118 , ae,/i,T — 0.005 (see Eq.(|7711). 
The breaking in Eq. (1841) generates the hierarchical four-fermion couplings, 

^ETC < ^ETC < ^ETC ^ (^^qq) 

which implies that the condensation of the third generation fermions are favored to 
other generations. If we can realize large hierarchical ETC breaking A12/A3 ^ 1, the 
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condition Eq. (p8|) can easily fulfilled. Then we concentrate on the condition Eq. (p7Il in 
order to consider the criticality of the top quark condensation. 
Eq. (j97l) are explicitly written as 

2vr■,f^^ + .3+^■^«:l > ^-^f*, (101) 



N, 9 ' N, 



c 



27r-^f^^ + K3-^-^-«:i < ^-rS (102) 

gr"" + l-^i < ^-gf', (103) 



2 



where ^f^fj*^ are given by Eq.(l99l) and the value of gf'^'^ = Gf^^ ■ 2M^/47r = l/(47r 



2^ 



(Mc/As)^ is estimated as 

«r-3.5xlO-x^^j x^™j , (104, 

which is negligibly small for A3 > 360 TeV. Then the parameter space area (^3 , ki) 
constrained by Eq. fllOll) . (11021) and (I103p is represented by the triangle ("gap triangle") 
in Fig. [2] in the case of Ac = 1 TeV for Mc = 5TeV(See Eq.(^). The dashed line 
in Fig. [2] stands for the top quark mass coming from top condensate rht (~ rnf^'^ = 
172 ± 2.5GeV)) determined by the SD gap equation: [39] 

crit ^ 1 (1 + y/l - at/jrc/W - (1 - y/l - «t/(vr/3))^(P + Q) 

l+Vl-"i/W3)^ 

where P, Q are given by 



Mc V / 360 (TeV) 



p ^ r(l - v/1 - at/(7r/3))r(3/2 + 1^1 - at/(7r/3))2 ^ ^ V^WWs) 



r(l + v/1 - at/(7r/3))r(3/2 - yi - at/{iT/3)y 



Ml 



il±V^Ml^_ (106) 
4(1 - Vl - «t/(7r/3)) 



Let us consider the criticality of the technifermion condensate in the present model. 
First, we consider the criticality in the Ac < fi < A3 = Atc? where the ETC breaking 
scale A3 is identified with the intrinsic scale of the Atc defined by the two-loop beta 
function [10]. In this region ETC breaks down to TC while topcolor/extended hyper- 
charge gauge symmetry does not. Since gf^'^ is small as seen Eq. (11041) . relevant is the 
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1.4 1.6 1.8 2.0 2.2 

Figure 2: The gap triangle in twisted flavor-universal TC2 model {Mq = Mz' = 5 TeV). 
The region above (i) represents (tt) ^ 0, the region below (ii) represents (66) ^ and 
the region above (iii) represents (rr) ^ 0. Only the top quark forms a condensation 
in the area ("gap triangle") enclosed by the lines (i), (ii) and (iii). The dashed line 
stands for the solution line of the gauged NJL model [3S] for a finite dynamical mass 
of the top quark mj ~ 170 GeV and Mc = 5 TeV in Eq. ffTO . 



gauge dynamics described by C(u,D,E,N{fJ')'- 

3 4 1 

«c/(/^) = ^aTc(/^) + 2 a5c/(3)2(/^) + g ay2(/i) (107) 

3 4 1 

aD(/i) = -aTc(Ai) + 2 a5C/(3)2(/^) - Y^"y2(Ai) , (108) 

3 1 
"i?(Ai) = ^aTc(/u) +2"^2(/i), (109) 

3 

«Af(/^) = ^«Tc(At)- (110) 

Now we observe that aTc(/^) < ttTc(^c) = 1-18 which is estimated by two-loop run- 
ning of the aTc(/^) with the boundary condition 0x0(^3) = aTc(ATc) — 0.782 x 
a* ~ 0.983 [lU] where a, is the BZ-IRFP of the one-family SU{2) TC as the walk- 
ing/conformal TC, asu{3)2if'') < cts!7(3)2(^c) = 0.092 — 0.094 corresponding to the 
allowed value of 1.6 < % < 2.2, and aY2{fJ') = O{10^^). Therefore au,D,E,N{fJ') do not 
exceed the critical coupling for the region Ac < /i < A3: 

3 4 1 

o:u,d,e,n{i^) < ac/(Ac) ^ -aTc(Ac) + -asu(3h{^c) + g«y2(Ac) 

~ 1.007- 1.010 < -~ 1.047. (Ill) 

3 ^ ' 

and hence the TC + weak topcolor gauge interactions in the region of Ac < < A3 
does not trigger the technifermion condensate. 

Next, we consider the criticality in the /i < Ac, where ETC/topcolor /extended 
hypercharge gauge symmetry break down. The four-fermion interactions involving 
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only the technifermions at Ac are given by 

C}^ = G^lP{(QLURf + {Q^Dn)' + {LLEnf + {LLNnf^ 

where {F = U, D, E, N) 



^ETC 



ETC 

■ 9tc 5 



GUI 
topC 



47r 
AMI 



a, 



QCD 



Z' 



OyyEyF 

2Ml ' Ki ^ ^ 



(112) 



:il3) 



Now, the dimensionless four-fermion couphng of technifermions U,D,E are defined as 



(114) 
(115) 
(116) 



gu 


= NtcNc 


y?S" 


+ 


2 


2 

'^QCD 


+ 


A^TC 

9 


ay 

TTKi 


9d 


= NtcNc 


y?S" 


+ 


NtcNc 


2 

'^QCD 




A^TC 


ay 


2 


TTKs 




18 




9e 


= Ntc 


ylS" 








+ 


A^TC 

2 


ay 



where ^f^c*^ ^ yf^^ up to 0(1) coefficient and Eq. (fTOD with A3 = 360 TeV shows 

NcQ^^*^ — 10~^. The allowed region in Fig. [2]shows A^c«qcd/(^'^3) — 10"^, ay/lnKi) ~ 
10~^. The four-fermion couplings are negligible compared with the gauge dynamics, TC 
+ SM gauge interactions, whose running effects yield au,D{,l^) > tt/S at ~ 470 GeV 
and hence the dynamical masses of techniquarks 

mxc ^ C(470GeV), (117) 

which reproduces the weak scale. 

Now we explicitly show that the model realizes TC2 scenario. In this model, the 
TC theory is walking below A3 = Atc- This fact shows that the TC theory develops 
non-zero anomalous dimension 7^'"''. Using 7^*"^ the technipion (vry) decay constant: 



/ttt (by Pagels-Stokar formula [32]) and technifermion condensation: {FF)m3 
U, D, E, N) are represented as 



2 



A^ 
4^ 

A^ 
8^ 



X _d_ 

4 dx 



(X + S2(x))^ 



3 - 



„(TC) 



(3-7^)) 



2 sm 



+ 



^3-7. 



(TC) , 



TT 



In 2 



rri' 



TC 5 



:ii8) 



{FF) 



N 



Ms 



47r2 

A^ 
"4^ 



Mi 



dx 



X + S(a;)2 

(TC) 



/ M3 \ 



7^TC) VrrtTc 



+ 1 - ln2 



m 



TC ' 



(119) 
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with mxc being a dynamical mass of the technifermion S(x = m'^Q) = m^c, where 



niTc y — —J lor X > mf^Q 



S(x) ~ { Vm^c^ . (120) 

^TC 



mTc for X < mn 



Eq.ffTTTD and Eq.dHH]) give /^^ as 

/^^~115GeV for mTc^ 470GeV, (121) 

where we have used that the anomalous dimension of TC: 7^*"^ is 7^^'^'' ^ 1 because 
the combined gauge coupling of TC with weak topcolor SU (8)2 for Ac < /i < A3 and 
the combined one of TC with S't/(3)QCD for /i < Ac are near critical coupling. Eg. (11211) 
implies that in order to reproduce the weak scale (246 GeV)^ = 4/^^ + /^^, the top-pion 
(vTt) decay constant /ttj should be 

^^87GeV, (122) 
and hence the top quark mass rht coming from the top quark condensation should be 

mt^l67GeV, (123) 
where we have used the Pagels-Stokar formula 

/.^. = A-?ln^, (124) 

with Mq = 5 TeV for the constant top quark mass function induced by NJL-type 
topcolor dynamics corresponding to 7^ — 2 

Let us discuss the third generation quark masses. The ETC induced four-fermion 
interactions responsible for the third generation quark masses are given by ^srd-mass: 

Ard-mass = [(f/^Qi) (^aL^/?) + (^iiQi) (^3L&h)] 

+ (G:„pc + G^,,)itnqsL)iqsLtR) + [h-c] (125) 

as discussed in Sec. [31 The bottom quark may acquire mass by technifermion conden- 
sation through Eq. (11251) in the same way as the ordinary ETC model. 

m, = Gf^'iDnQL) (126) 

On the other hand, the top quark may acquire mass by both technifermion condensation 
through Eq. (I125p and top quark condensation, 

m, = Gr''{URQL) + {Gr'' + Gl^c + G'z'){tRqL) 

= mj°^ + rht, (127) 



^Including QCD log correction decreases /ttj by 10% from f^^^ in Eq. (|124p . 
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under the conditions Eq. fll0ip - fll03l) . 

Eg. (11251) gives the bottom quark mass mh^A^) as 



mb(A3 



0.11 GeV X 



Ma 



2M| 



(0.782 X a,) ■ {DrQl) 



Ms 



mxc 



470 (GeV) 



X 



360 (TeV) 



:i28) 



and ETC induced top quark mass m|°''(A3) is the same as mh{A^). 

However, due to the topcolor dynamics of NJL-type, these masses are greatly am- 
phfied as follows. In the NJL-type dynamics there arises large anomalous dimension 
7m ~ 2 near the critical coupling even in the symmetric phase [2B] and the bare mass 
at the scale A is greatly enhanced at lower energy scale /i('C A) 



m, 



ln(A/AQCD) 
ln(/i/AQCD) 



-1 -A/2 



(129) 



where the logarithmic correction to 7m = 2 comes from QCD correction with A 



24/(33 



for 



/ 



2Nj) 
-- 10 



> 1 and A = 8/7 > 1 for Nf = Q {fi < mxc) and A = 24/13 > 1 
[m^c < Ai < Mq). Note that the gauged NJL model with A > 1 



is renormalizable 



Z-\Mc/m,) 



30] . In the case at hand A = Mq and fi = rrit and hence 



560, so we have 



mblrrit 



m 



(0), 



5 GeV. 



(130) 



for A3 ~ 4500 TeV and Mc = 5 TeV. 

If we arrange the ETC breaking scales Ai_2 somewhat higher than that of the third 
generation A3 so that the combined four-fermion interactions of topcolor, extra U{1) 
and ETC are off the criticality, then the mass of the second and the first generation 
fermions would have no large enhancement due to anomalous dimension and hence give 
reasonable hierarchy compared with the top and bottom. 

Leptons would acquire masses from the technilepton condensate {EE) whose gauge 
coupling aE — 3/4 x axe — 3/4xq;^ = 37r/10is smaller than the critical coupling n/3 
in the ladder approximation. However, as discussed in Sec. [3] there is some ambiguity 
in evaluation of the critical coupling up to 1-20% in the ladder approximation pB|. In 
fact the critical coupling a"^* decreases by 20% when we define the critical coupling 
such that an anomalous dimension is 7^ = 1 at two-loop level pO]. Thus, up to this 
ambiguity leptons may acquire mass somewhat smaller than the mass of quarks [40] . 



6 Top-pion Mass 

We here discuss a novel effect of the large anomalous dimension of the topcolor on the 
estimation of the top-pion mass m^^ < 70 GeV, which is extremely smaller than the 
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conventional estimation ~ 200 — 300 GeV [9]. This applies to generic TC2 model not 
restricted to ours. 

The top-pion appears in the generic TC2 model[25l [26] . since both the top quark 
condensate and technifermion condensate break respective global symmetries, which 
results in two kinds of three Nambu-Goldstone (NG) bosons. Three of them (mainly 
boundstates of technifermions) are absorbed into W, Z bosons as usual. The rest three 
are pseudo NG bosons (mainly boundstates of top and bottom), which is called the 
top-pion. In general, the former three NG bosons decay constant /^j, and the top-pion 
decay constant /^^ reproduce the weak scale (246 GeV)^ = Nofl^ + /^^, where A''^ is 
the number of the technifermion EW-doublet. 

The top-pion mass may be estimated by the Dashen formula [31] 

mljl = -mf\tt), (131) 

where mf^ is the ETC-induced top quark mass acting as the bare mass for the NJL- 
type topcolor dynamics. 

Now, we recall that the renormalization of generic mass parameter m is carried out 
with keeping such a relation as 

'mA{ipi')A = m^{ipip)^ , A>/i, (132) 

where ip is the generic fermion and the suffix A(yu) represents a bare (renormalized) 
quantity at A(/i) (/i is the reference renormalization point). Eq. fll32p shows that when 
we write the renormalization of the mass parameter m as 

mA = Zmm^ , (133) 

then the renormalization of the composite operator (tjjip) should be given by 

(V^V>)a = Z„^(?^)^, (134) 

where = (A/ /i)'^™ is the renormalization factor and 7m is the anomalous dimension 
of the mass parameter. In the TC2 model, the condensation (tt) at Mq is represented 
by [25] 

for the constant top quark mass rht{= rrit — mf^) induced by the NJL-type topcolor 
dynamics corresponding 7^ ~ 2. Eq. fll34p relates (tt)|Afc to (tt)|jfit as 



(tt)lMc = ^™'(tt)U. = [-^] («)k* , (136) 

rrit 
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and the condensation (tt)|mt is represented by 

On the otlier liand, Eq. (ll33p relates the ETC-induced top quark mass mf'\Mc) to 

- (0) / - ^ 

ml [mt) as 

m?\Mc) = Zrr.mf\mt) = (^^^ mf\mt) . (138) 

Therefore, we observe that the right-hand side of Eq. (11311) is renormalization point 
independent 

mf\Mc) ■ (tt)lMc = mf\mt) ■ (tt)U, , (139) 
which shows that in the TC2 model we have the generic form as 

mljl = mf\mt) ■ ^^ml . (140) 

Now, the top-pion decay constant f.„^ is evaluated in exactly the same way as in 
the original top quark condensate paper [21j. The Pagels-Stokar Formula gives /^^ as 
a function of rht (top quark mass coming from the top quark condensate) and Mq : 



/'. = ^^?ln^, (141) 



3 ,o, M, 



87r^ m 



for the constant top quark mass induced by the NJL-type topcolor dynamics corre- 
sponding 7m — 2. 

Thus Eq.f ll40p and f ll4ip give us the generic form of the top-pion mass as 

2 (0)/ X ''^t mf\mt)-mt 

= '-"^^ ■ . In(M^M) = ln(Mc/m.) " ^'"'^ 

Experimentally, a model-independent lower limit [33] of the coloron mass Mq is 

Mc / cot 6* > 837 GeV (flavor - universal) , 

Mc / cot 61 > 450 GeV (flavor - non - universal) , (143) 

for the flavor- universal coloron and the flavor-non-universal coloron, respectively, where 
cot 6' = hi/h2 > 1, because /ii(2) represents the gauge coupling of the strong (weak) 
topcolor S'f/(3)i(2). 

Hence Eq. (11421) and (11431) yield an upper bound of top-pion mass 



2 mf\mt)-mt ^Tim 

m <C = 

ln(Mc/mi) \n{Mc/mt 
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(0) / - N 

mt — mi [mt) 



(144) 



where physical top quark mass is nit = rht + ml = 172 GeV. Eg. (11441) has the 
maximum value at mf'\mt) ^ 70 GeV as 



for the flavor- universal coloron case and the flavor non-universal case, respectively. 
Eg. (11451) is a very conservative upper bound universal to generic model of TC2 not 
restricted to specific TC2 model, since in the generic TC2 model we have actually 
cot 6' = hi/h2 > 4 instead of cot 6' = hi/h2 > 1 in order to trigger the top guark 
condensate (see Eg. (!79l) ) [9j. 

Our estimate above is guite different from the conventional estimate which is made 
at the scale Mq: mf\Mc) ■ {tt)\Mc, where (tt)|Mc = [Ncirhtf / (An^)] ■ {Mc/rhtf up to 
logarithm, (tt) Im^ is larger than that estimated at rht by ~ {Mc/rhtY as it should. 
The crucial point is the evaluation of mf'\Mc), which is usually made independently of 
mf\mt) and taken as on the order of mf, ~ 5 GeV. However, if we do this, the physical 
mass of the bottom mb{rht) and the ETC-driven mass of the top 'mf\rht) should be 
enhanced by the same factor ~ {MQ/rhtY' i^to absurdly large value. Or, m^°''(Mc) 
must be taken to be times smaller than the physical value mf\mt) which should be 
a small portion of the top guark mass in the TC2 scenario mf\mt) <^ rrit ^ 172 GeV 
. This is the effect of the large anomalous dimension. Anyway the result should be the 
same as ours as far as we correctly take account of renormalization-point independence 
of the operator mfHt which is multiplicatively renormalized, since the gauged NJL 
model in this case is renormalizable (See the previous footnote Hj). 

7 Summary and discussions 

We have experimented a straightforward explicit ETC model building which incorpo- 
rates the top guark condensate via universal coloron type topcolor SU{?>)i x S'[/(3)2 
which is spontaneously broken to the ordinary 5'[/(3)qcd- All the guarks and tech- 
niguarks were assigned to have only S'f/(3)i which is much stronger than SU{'i)2 to 
trigger the top guark condensate. 

The criticality conditions of MAC for the S'f/(5) ETC and SU{2) hypercolor dy- 
namics realized the successive ETC breakings down to SU{2) TC which is walk- 
ing/conformal near the conformal window. Imposing the criticality conditions at 
each step of ETC breaking predicted the ETC breaking scales somewhat larger than 
those of Ref. [T8l [T9] and hence very small ETC-driven masses of the third generation 
guarks/leptons, of order O{10~^ GeV), in spite of the enhancement of large anomalous 
dimension 7^ — 1 of the walking/conformal TC. 

Imposing the topcolor SU {3)i to be near the criticality, we realized the top guark 
condensate so as to give a realistic mass to the top guark. However, the techniguarks 




ml (rht) ■ rht 
ln{Mc/rht) 



(60 GeV)^ , 
(70 GeVf , 



(145) 
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then feel both the strong topcolor near criticahty as well as the equally strong walk- 
ing/conformal TC near the criticality. Such combined strong gauge interactions trig- 
ger the techniquark condensate at the scale ridiculously large compared with the weak 
scale. 

Then we considered an alternative model of TC2, with coloron and Z' of flavor- 
universal type, where the quarks have strong 5'C/(3)i x C/(1)yi interactions, while tech- 
niquarks do weak SU{3)2 x U{1)y2 interactions, with both spontaneously broken to 
the SM gauge theories SU{3)qci) x U{1)y- Since explicit ETC model of this charge 
assignment is rather involved, we only considered here the effective theory of TC2 as- 
suming that similar ETC breaking can take place in a larger picture of a certain ETC 
gauge group. In such a framework we discuss the mass of third generation quarks can 
be realistic even when all the ETC breaking scales are somewhat larger than usually 
considered as we demonstrated in the explicit ETC model. A key observation was that 
the ETC-driven mass of quarks are regarded as the bare mass of the topcolor sector, 
which then can be enormously enhanced by the large anomalous dimension 7^ ~ 2 of 
the NJL-type dynamics of the broken topcolor, if the effective four-fermion coupling is 
near the criticality: mf\mt) = Z'^mt (Mc) with Z~^ ~ {Mc/mt)'^"' ^ {Mc/mtY, 
which is typically Z^^ ^ 500 for the coloron mass Mq > 4 TeV. We then obtained re- 
alistic masses m(, ~ 5 GeV as well as ~ 172 GeV whose main part ~ 167 GeV comes 
from the top quark condensate and the rest ~ 5 GeV(~ nib) is the ETC origin mass 
enhanced by the anomalous dimension 7^ ~ 2. If we arrange the ETC breaking scales 
somewhat higher than that of the third generation so that the combined four-fermion 
interactions of topcolor, extra U{1) and ETC are off the criticality, then the mass of 
the second and the first generation fermions would have no large enhancement due to 
anomalous dimension and hence give reasonable hierarchy compared with the top and 
bottom. 

Another possibility to modify the top-mode ETC type model would be to put the 
fourth generation in stead of the technifermion and the SM fermions into the same 
representation of a horizontal group, say SU{4:), in such a way that the fourth quarks 
have the same strong flavor- universal topcolor SU{3)i as that of the three generations 
quarks. Then the fourth generation quark condensate triggered by the topcolor would 
play the role of the technifermion condensate. In order that only the fourth quark {t', b') 
and the top quark should condense, we should arrange the ETC-type interactions to 
discriminate them from others in such a way that the effective four-fermion couplings 
are arranged as gt' > g^P^, gy > 5'^"*, dt > 9?^^, where gi™* (i = t', b', t) is the critical line 
of the gauged NJL model having the SM gauge interaction contributions (see Sec. 4). 
Of course, the fourth generation neutrino should have Majorana condensate in order to 
avoid the light fourth neutrino. Explicit ETC-type model having successive symmetry 
breaking of the horizontal symmetry would be interesting. 

Finally, we found a novel effect of the large anomalous dimension 7^ ~ 2 of the 
NJL-type dynamics on the evaluation of the top-pion mass through the Dashen formula 
together with the Pagels-Stokar formula. The Dashen formula contains the bare mass 
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(ETC-induced mass) times top quark condensate. Usual estimate of this combination 
is made at the scale of the topcolor breaking (coloron mass) Mq: The condensate has 
an enhancement of quadratic divergence of NJL-type ~ Mq, while the bare mass at 
Mc scale was just assumed to be the order of the physical bottom mass ~ rrib, which 
is, however, enormously enhanced as much as 10^ — 10^ times by the renormahzation 
effect ~ (Mc/nitY due to the same quadratic divergence when evaluated at the 
scale of rrit. Based on the rcnormalization invariance of the product of the bare mass 
and the condensate, wc estimated it at the scale of physical rrit. Our most conservative 
estimate turned out to be very small rriT^^ < 70 GeV which is universal to generic TC2 
model. This would give a serious impact on the phenomenology of the generic TC2 
model and similar models having two kinds of NG bosons, one linear combination of 
which is absorbed into W, Z bosons and the rest remaining as pseudo NG bosons, 
particularly when they are produced by the NJL-type dynamics. 
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